A thin free-standing gold membrane with complex plasmonic structures engraved on both sides is shown to perform as an ultrathin phase plate. Specifically, we demonstrate the generation of a far-field vortex beam propagating at a desired angle. The angular momentum of the beam is generated by the groove helicity, together with the geometric phase arising from a plasmonic spin-orbit interaction. The radial chirp of the back-side structure is used to modify the emission angle via a specific momentum matching condition.
Plasmonics-based flat optics has become extremely popular due to its compactness and highly efficient light confinement provided by the evanescent nature of the surface waves [1] [2] [3] . Two-dimensional (2-D) geometry of these waves leads to miniaturizing optical elements to subwavelength volumes, providing a variety of practical applications from nanophotonic sensors [4, 5] to optical communication devices and photonic logic circuits [6] [7] [8] . Owing to the specific dispersion of the surface plasmons (SPs), the light can be easily coupled to a plasmonic mode and shaped through shallow corrugations on metal films [9] [10] [11] . The geometry of these corrugations with respect to the incident light provides the means to modulate the phase and the amplitude of the plasmonic field. Moreover, it has been shown that axially symmetric structures, such as bull's eyes and spirals, lead to plasmonic spin-orbit coupling due to the polarization selectivity of the light-SP coupling process [12] [13] [14] [15] [16] . Accordingly, the incident light can be directly coupled to plasmonic modes carrying orbital angular momentum (OAM) [17, 18] . The OAM of a plasmonic field is manifested via its helical phase ramp of a form expilφ, where φ is an azimuthal coordinate, and l is called the topological charge of the vortex. The total OAM of these plasmonic vortices is composed of the spin contribution (due to the handedness of the incident circular polarization) and the dynamic phase added by the spiral structure [17, 19] .
Recently, it was shown that by using a suspended metal membrane with corrugations on both sides, interconnected by a subwavelength aperture, one can directly tailor a beam phase in the far field [15] . Specifically, it was shown that propagating vortices with spin-dependent OAM can be excited using only a 300 nm thick plasmonic device. The incident light was coupled to an SP vortex on one side of the membrane, propagated to the other side through a central hole and then re-emitted to the free space, with a spiral phase generated by the plasmonic structures' geometries. While a pitch of the spiral groove induced the phase helicity, the periodicity of the grooves provided a resonant in-coupling and out-coupling of light at plasmonic structures. We note that these two degrees of freedom can be manipulated independently in our structure. Namely, the vortex OAM can be controlled by the structure topology, while the way the SP mode couples to the free space can be tweaked by modifying the local periodicity of the grating.
In this Letter, we propose and experimentally demonstrate an independent manipulation of the far-field OAM and a beam steering angle by the use of a double-sided plasmonic structure. This is achieved by modifying the periodicity of the grating at the exit side as a function of the local azimuthal angle. The SP mode, launched by the frontside grating and coupled to the back side via the central hole is beamed out by a back-side grating. This grating is designed to locally ensure a momentum matching, depending on the SP wave vector orientation. This results in a collective beaming of a vortex with a desired OAM in a given off-axis direction by the use of a single ultrathin chiral plasmonic phase plate. A beam steering by means of specially designed plasmonic structures was recently presented in several works [20] [21] [22] [23] [24] . In contrast with these solutions, generally based on mirror symmetry breaking of the structure, our proposed scheme directly utilizes the dispersion properties of the SP waves to beam out the light at a precise angle. The ability to independently modify the structure on both sides of a thin membrane provides a flexible and simple way to design beams with abrupt phases. Finally, an external control of the emerging beam OAM is provided by an accurate choice of the polarization state of light. These functionalities might find important applications in the field of optical communication for multiplexing and demultiplexing of signals, plasmonic circuits, optical interconnects, and ultracompact optical guides.
We consider a 300 nm thick suspended gold membrane with spiral grooves engraved on both sides, connected via a central sub-wavelength hole (d 400 nm). The aim of the frontside structure is to couple the light into a SP mode propagating toward the hole, while the exit structure couples the SPs back to the far-field propagating light.
The general groove radial path milled on the metal surface is given in the polar ρ;φ basis, as ρ n nΛ mφΛ∕2π, with n being an integer, Λ being the spiral grating period, and m being a pitch number. When illuminated with circularly polar-
), a properly designed surface structure excites a plasmonic vortex with the field given in the form E SP ∝ e im1ϕ [12, [14] [15] [16] . The OAM of the frontside mode is given via its topological charge l 1 m 1 1 and stems from the helicity of the coupling structure and from the spin of the incident light [13] [14] [15] 17] . Hereafter, index 1 indicates the membrane front side and index 2 stands for the exit side. The SP vortex, excited on the front side propagates through the central aperture and transfers the OAM to the backside SP mode which is then scattered to the far field by the additional structure. While the full discussion on the mechanism of the SP mode coupling to the cylindrical hole waveguide mode is given in [15] , we briefly note that the hole size was optimized to maximize the SP transmission to the back surface. There, the SP mode radially diverging from the hole outcouples to the far field with an additional OAM of l 2 m 2 1, depending on the emerging polarization state. The total topological charge of the resulting far-field beam is then given as l l 1 − l 2 , and its values are summarized in Table 1 for each incident/emerging spin state [15] .
The momentum matching condition between the free-space on-axis radiation and the SP mode is ensured by a perfectly concentric structure with a constant periodicity that equals plasmonic wavelength, Λ λ SP . We note that by locally modifying the momentum matching condition, one can achieve an off-axis beaming in any desired direction. This can be done by properly tuning the local periodicity along the azimuthal direction.
To do this, we consider a 2-D dispersion relation of the surface mode (see Fig. 1 ). The cross section of the dispersion at the laser frequency ω ω 0 represents the reciprocal plane of the SPs propagating on the back surface in the radial direction. The solid blue circle corresponds to the SP wave vectors given by the equation 2π∕λ SP 2 k 2 SP−x k 2 SP−y . The light-cone (dashed line) encircles the region where the free light propagation is allowed. The blue dot represents a wave vector of the free-space beam emerging from the structure on the back side of the membrane. When the light beams out in a normal direction, its transverse wavenumber is zero which corresponds to the origin in the k-space. Without a loss of a generality, we suppose that the emerging beam is tilted at an angle θ in x direction. Its transverse wavenumber is then given by k x 2π∕λ 0 sinθ, where λ 0 is the wavelength in vacuum. The momentum mismatch between the diverging plasmonic mode (a blue circle) and the beam with the desired wavenumber (a blue dot) is measured by the distance between them in the k space as, k SP−x − k x 2 k SP−y 2 2π∕Λφ 2 . The substitution of the Cartesian components of the SP wavenumbers, k SP−x 2π∕λ SP cosφ, k SP−y 2π∕λ SP sinφ yields 
It is clear from this relation that the variation of the period as a function of the azimuthal angle provides an additional degree of freedom and does not interfere with the mechanism of a spiral phase generation achieved by the variation of the groove radii. We demonstrate this by fabricating a 300 nm thick membrane consisting of a bull's eye structure (m 1 0) on the front side and a right spiral (m 2 1) structure with a space-variant period on the back side (BE-R). The desired tilt angle of the transmitted beam is chosen to be 10°.
This structure is fabricated on a suspended thin (h ∼ 300 nm) metallic membrane evaporated on a metal film over a poly(vinyl formal) resin supported by a transmission electron microscopy copper grid. After evaporation, the resin is removed by using a focused ion beam (FIB), leaving a freely suspended gold film. Plasmonic structures are milled using FIB lithography on both sides of the membrane around a unique central cylindrical aperture acting as the sole transmissive element of the whole device. The diameter of the hole is chosen to be 400 nm to allow a transmission of the fundamental TE 11 plasmonic mode. The center alignment of the structure on the back side is ensured by the central hole that is milled through the membrane.
The membrane is illuminated by a single-mode fiber pigtailed laser diode at λ 0 785 nm using a setup shown in Fig. 2(a) (see the caption for the details). The depth of the grooves (30 nm) is fixed to be smaller than the skin depth (∼70 nm at λ 0 ) to avoid direct light transmission through Table 1 . Far-Field Summation Rules for OAM Generated through the Membrane the membrane. A scanning-electron microscope (SEM) image of the structure is shown in Fig. 2(b) . As expected from the double-sided structure [15] , a free propagating vortex is produced behind the membrane whose field distribution is given in a vector form as E out ∝ expim 1 − m 2 1φcosφ; sinφ T with the incident state of circular polarization represented by (+) for the right-handed and (−) for the left-handed. The resulting radially polarized vector field can be decomposed into circularly polarized vortex components [15, 17] . These vortex beams propagate behind the membrane and may interfere with the light, directly transmitted through the hole. Interestingly, the interference contrast can be controlled using the incident-emerging polarization state combination i; j, where j is the incident state and i is the emerging state. We are particularly interested in the two special cases of ; [direct transmission is allowed] and −; [full extinction of direct transmission]. The explicitly calculated azimuthal part of the fields corresponding to these combinations is given as E − ∝ e 3iφ and E ∝ e −iφ . In terms of the angular momentum, these fields represent vortices with an OAM l − 3 and l −1. In Fig. 2(c) we show the cross section of the intensity distribution behind the membrane measured along the z axis for the latter case. We note a well pronounced beam tilt with respect to the propagation direction.
In Fig. 3 , the intensity distributions of the transmitted beams are shown for the ; situations as a function of the propagation distance. The spiral fringe arising from the interference with the direct transmission is clearly visible in Fig. 3(a) , as compared to the "doughnut" intensity distribution in Fig. 3(b) expected from a pure optical vortex. This spiral interference pattern is very useful for validating the resultant OAM of the free propagating light beam. In particular, as we showed in [15] , a spiral fringe with one wing unwrapping in a clockwise direction, visible in Fig. 3(b) corresponds to the topological charge of −1. The measured tilt of the transmitted beam was found to be 9.98°which perfectly corresponds to the structure design. This demonstrates that by modifying both the azimuthal phase lag of SPs and the periodicity of the structure, one can separately control the helicity of the beam and the propagation direction. Note that when the direct transmission is fully filtered out by the analyzer, no zero order is obtained. In this case, a membrane with a modified structure on the back side acts as a pure phase modulator in contrast with diffractive elements or holographic plates. Moreover, by modifying the front side in a similar way (not shown here), one can control the resonant incident angle and even mimic negative refraction.
Here we have shown that a suspended thin golden membrane with nanostructures on both sides can perform as an ultrathin phase element. Light-plasmon interaction leads to an abrupt phase change of the transmitted beam and allows us to modify the beam's propagation in a subwavelength thickness. This scheme can be extended to other functionalities by applying more complex phase modifications on both sides of the membrane. We believe that our experiment can inspire various practical applications in nanophotonic multiplexing, optics communication devices, microscopy, and flat optics.
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